ABSTRACT Three potentially important aspects of mark-release-recapture experimentation were addressed: 1) source of mosquitoes for release, 2) time of release, and 3) weather during recapture. Culex tarsalis Coquillett mosquitoes collected as adult host-seeking females from dry ice-baited traps (CO 2 traps) operated within the study area (local) were recaptured more frequently than females collected from traps operated outside the study area (foreign) or reared from Þeld-collected immatures (reared). These results supported published studies on Anopheles and Ochlerotatus that indicated mosquitoes may "memorize" ßight paths within their environment. Releasing gravid females provided a potentially useful replacement for reared females, because these gravids oviposited at wetlands and then dispersed to upland traps. Releasing local, foreign, or reared mosquitoes just after sunrise or just before sunset did not alter recapture success or the distance dispersed. Elevated wind speeds inhibited dispersal from protected microhabitats with citrus orchards and resulted in most recaptures being found at the leeward portion of the orchard.
MARK-RELEASE-RECAPTURE procedures are a useful tool in the study of mosquito population ecology and dispersal (Service 1993) . During release experiments designed to describe the movement of Culex tarsalis Coquillett adults from larval production sites into upland adult congregation sites, we observed considerable variability among the recapture rates of different cohorts released concurrently. The current paper describes subsequent experiments that investigated the effects of cohort age, geographic origin, time of release, and wind conditions on recapture success.
Several investigators (Charlwood et al. 1988 , Renshaw et al. 1994 , McCall et al. 2001 ) have suggested that some mosquitoes "memorize" their home range, thereby establishing ßight paths and reducing their loss rates compared with foreign individuals forced to learn new ßight paths after release within a foreign environment. Loss rates combined deletions attributable to mortality, emigration, and removal sampling. "Memorizing" a home range may impart a selective advantage for Ochlerotatus species such as Oc. cantans (Meigen) that are univoltine, long-lived, and must return to a limited number of semipermanent development sites for oviposition (Renshaw et al. 1994) or for an Anopheles species such as An. farauti Laveran that repeatedly must retrace its movements among oviposition sites, bloodmeal hosts, and diurnal resting shelters on a 2-d cycle (Charlwood et al. 1988 ). Intuitively, such "learned" behavior would seem less advantageous for a dispersive colonizing species such as Cx. tarsalis that inhabits unstable arid landscapes in which location of new aquatic habitats would seem essential and these resources can be exploited rapidly by facultative autogeny (Reisen and Reeves 1990 ). In the current paper, we investigated the idea that adult host-seeking Cx. tarsalis females released back into the same study area have a higher recapture rate than females emerging from Þeld-collected immatures and never previously exposed to upland landscapes or females collected from outside the study area and oriented to a different landscape.
Crowding females during the diurnal resting period may increase their dispersive behavior after release. Temporary larval and teneral adult crowding of Ochlerotatus taeniorhynchus (Weidemann) stimulated an enhanced dispersal response (Nayar and Sauerman 1969) , although this behavior was not universal among Florida mosquitoes, including Culex (Nayar and Sauerman 1973) . In our standard mark-release protocols, Þeld-collected immatures and emerging adults as well as host-seeking females are held in cages in room or insectary conditions until late afternoon to preclude diurnal mortality associated with hot, dry Þeld conditions. To test the idea that these holding condi-tions may increase ßight activity and dispersal, we compared the recapture rates of host-seeking females and females emerging from Þeld-collected immatures released in early morning just after collection with females released just before dusk.
Increased wind conditions during the spring of 2002 afforded the opportunity to describe the impact of wind speed on mosquito dispersal behavior from a sheltered release point. Previous rapid and long distance movement by marked Cx. tarsalis females was attributed to wind-assisted dispersal (Bailey et al. 1965, Reisen and , but the current serendipitous observations indicated that dispersal was reduced during elevated wind speeds, agreeing with previous observations on Florida mosquitoes (Bidlingmayer et al. 1985 (Bidlingmayer et al. , 1995 .
Materials and Methods
Location. All experiments were done at marshes, adjacent desert brush, and upland orchard and vineyard habitat near the northwestern shore of the Salton Sea in Riverside County, CA, at some of the same sites used in our previous microhabitat comparison studies Reisen 2001, Lothrop et al. 2002) . Wind and temperature records from weather station 136 (latitude 33Њ19ЈN, longitude 115Њ57ЈW, elevation Ϫ225 feet) of the California Irrigation Management Information System were downloaded from the California Integrated Pest Management website (http://www.ipm.ucdavis.edu/). Rainfall did not occur during any experiment.
Mark-Release-Recapture Methods. Methodology followed our previous mark-release-recapture studies in Coachella Valley . Brießy, adult Cx. tarsalis were reared from Þeld-collected immatures under natural photoperiod (reared) or females were collected host seeking at dry icebaited CDC-style traps (CO 2 traps) (Sudia and Chamberlain 1962) operated within the study area (local) or along the eastern shore Ϸ13 km distance across the Salton Sea (foreign). Previous studies have shown that there is considerable genetic exchange among Cx. tarsalis collected throughout the Coachella Valley (Gimnig et al. 1999) , so these adults were considered to be genetically similar. Reared females were held for 1Ð3 d after emergence and offered 10% sucrose; both males and females were released. In experiment 3, some host-seeking females were fed on a chick and then held for 4 d until gravid. Adults were transferred to one or more screen-covered 5-gal (18.9 liters) plastic buckets depending on the numbers collected and experimental design. Numbers in each bucket were estimated from triplicate counts of females resting within 10% of the surface area delineated by vertical lines (Dow et al. 1965) . Females in each cohort were dusted with a unique ßuorescent color in the Þeld just before release using an insuffalator.
Recapture was attempted for three to four successive nights after release using multiple CO 2 and newly designed suction traps that effectively sampled the ßying population without an attractant (Lothrop et al. 2002) . Because previous release-recapture studies indicated that most released mosquitoes were recaptured during the Þrst 3Ð 4 d after release (Reisen et al. 1992, Reisen and , we limited the duration of our recapture effort, because our objective was not to estimate survivorship or maximum ßight range, but rather movement from potential breeding sites into upland congregation sites. All captured mosquitoes were anesthetized with triethylamine, examined under UV light to detect dust, identiÞed to species and sex, and then enumerated.
Experimental Design. Study area selection; mosquitoes captured, marked, and released; and trap type, placement, and number varied among experiments that were described in Table 1 and below. Local host- 
seeking females that were collected by CO 2 traps within each study area and released during late afternoon in each experiment served as a control group and were included in all experiments. Recapture rates among local and foreign host-seeking females were compared on four occasions within differing landscapes, whereas recapture rates between host-seeking and reared females were compared on two occasions within the current study and repeatedly in previous experiments . Because release sites, cohorts, and design varied among experiments, differences in recapture rates were compared among groups within each experiment by contingency 2 (Hintze 1998) . Experiment 1 compared recapture rates among teneral females released at emergence sites and at an upland citrus orchard. Uniquely dusted reared females and males were released at two emergence sites near the Salton Sea and for comparison within a citrus orchard semiisolated by desert (Fig. 1) . Uniquely dusted host-seeking females from combined local and foreign CO 2 traps were released concurrently for comparison. Recapture was attempted over three nights using 25 suction and 9 CO 2 traps positioned as shown in Fig. 1 .
Experiment 2 compared the recapture rates of three cohorts released within a managed freshwater marsh adjacent to a dense row of Tamarisk (Fig. 2) . Mosquitoes were reared from Þeld-collected immatures or were local and foreign host-seeking females collected at local or distant CO 2 traps, respectively. Approximately one-half of each cohort was released just after sunrise (AM) or just before sunset (PM), resulting in six uniquely dusted groups of mosquitoes. Recapture was attempted using 10 suction and 5 CO 2 traps located near the release site and 12 suction and 9 CO 2 traps positioned from 0.7 to 1.7 km distant from the release site (Fig. 2) .
Experiment 3 compared the recapture of local and foreign host-seeking females in vineyard and orchard habitat. Females were released at an emergence site along the shore of the Salton Sea and recaptured upland using 19 CO 2 traps operated for three nights (Fig. 3) . In this experiment, reared females were replaced by gravid females to test the possibility that these females would oviposit near the release point and then disperse similarly to the unmarked parous female population.
Experiment 4 compared the recapture rates of local and foreign host-seeking females released at the same orchard used in experiment 1. Recapture was attempted by 12 CO 2 traps positioned along the margin of the orchard and by 6 CO 2 traps positioned from 0.5 to 1.5 km distant. Relatively cool temperatures and winds from the N-NW measuring 25Ð 40 kph during each night seemed to compromise dispersal from the orchard (Fig. 4) .
Experiment 5 essentially repeated experiment 4, but again dispersal seemed compromised by elevated wind speeds during nights 1Ð3 after release that then subsided on night 4.
Results
Overall, 31,709 Cx. tarsalis females were marked and released during 2001 and 2002, of which 2,209 (6.97%) were recaptured during experiments 1Ð5 (Table 1) . Recapture rates varied signiÞcantly among experiments and cohorts, ranging from 0.10 Ð3.89% during warm, still conditions during experiment 1 to 18.0 Ð 28.6% during cool, windy conditions in experiment 5.
In experiment 1, a total of 72,030 and 1,289 unmarked female and male Cx. tarsalis was collected during the three nights of removal sampling, respectively. Examining the capture pattern and reproductive status of these unmarked adults provided insight into the distribution of the natural population. The mean number of host-seeking females collected at CO 2 traps placed at the edge and within the orchard (2,068.9 females/trap night) was not signiÞcantly different (F ϭ 0.35; df ϭ 1, 28; P ϭ 0.56) from the mean number collected at traps placed near the Salton Sea (2,356 female/trap night) when tested by an analysis of variance (ANOVA) (Fig. 1) . In contrast, signiÞ-cantly more females (F ϭ 4.46; df ϭ 2, 72; P ϭ 0.015) were collected at suction traps at the edge of the orchard (93.7 females/trap night) than at traps within desert (63.5 females/trap night) or shore vegetation (53.9 females/trap night). At the orchard, signiÞcantly more females per trap night (F ϭ 13.9; df ϭ 3, 32; P Ͻ 0.001) were collected at suction traps positioned along the E (147.7) and N (137.9) margins facing the Salton Sea than at the W (61.6) and S (27.8) margins (least signiÞcant difference (LSD) test, P Ͻ 0.05), perhaps indicating the direction from which most of these females originated (Fig. 1) . SigniÞcantly more males (F ϭ 15.2; df ϭ 2, 72; P Ͻ 0.001) were collected at suction traps along the shore (40.1 males/trap night) than in the desert brush (7.3 males/trap night) or the orchard (8.7 males/trap night), indicating limited male dispersal. Regardless of suction trap location, captured females were all inseminated and mostly at follicular stages I-IIa indicative of host-seeking; only 17% of females from suction traps near the shore were gravid and none were recently blood fed (Table 2) . Parity rates of females from traps at the orchard and along the shore were signiÞcantly greater ( 2 ϭ 6.3, df ϭ 2, P Ͻ 0.05) than parity rates of females from traps in the desert. Overall, only four females were biparous; the remaining females were uniparous and none were sacculate, indicating recent oviposition. Overall, 3.14% of 9,613 females that were collected in CO 2 traps, marked, and released the following evening were recaptured, signiÞcantly more ( 2 ϭ 65.4, P Ͻ 0.001) than 0.21% of 2,904 females reared from Þeld-collected immatures ( Table 1 ). The recapture rate of marked CO 2 -trapped females in suction traps (0.37%) was statistically similar (P Ͼ 0.05) to reared females (0.14%), perhaps indicating that these reared females began host seeking during the 3-d recapture period, and therefore were available for collection in CO 2 -baited traps. In agreement, the two reared females captured in CO 2 -baited traps were collected on night 3. Reared females were 1Ð3 d old at release and should have mated and begun host-seeking activity on the evening after release, based on our previous release experiments (Milby et al. 1983 , Reisen et al. 1992 ). Recaptures per CO 2 trap night averaged 7.5, 2.1, and 1.3, and recaptures per suction trap night averaged 0.5, 0.2, and 0.1 on nights 1Ð3 after release, respectively. Too few marked females were collected at suction traps to compare their spatial distribution with that of the unmarked population, and too few reared females were recaptured for further analysis. There was no difference (P Ͼ 0.05) in the recapture rates among CO 2 -trapped females released at sites 1 and 2 near the Salton Sea, and collectively these females were collected less frequently than females released within the orchard ( 2 ϭ 4.53, P ϭ 0.03), perhaps reßecting differences in female dispersal behavior as well as sampling effort (5 CO 2 and 12 suction traps within the orchard, 3 CO 2 and 7 suction traps each near distant release sites 1 and 2 [ Fig. 1]) .
Experiment 2 compared recapture and dispersal rates among females collected at local or distant CO 2 traps with reared females released Ϸ2 h after dawn or 2 h before dusk in duck club habitat (Fig. 2) . The time of release (AM versus PM) did not signiÞcantly affect the recapture rate (Table 1) or the mean distance dispersed (data not shown) for the three cohorts, and therefore data were combined in further analyses. The recapture rates for foreign CO 2 -trapped (1.25%) and reared (2.11%) females were not signiÞcantly different ( 2 ϭ 2.31, P ϭ 0.13), but both were recaptured signiÞcantly less ( 2 ϭ 151.9, df ϭ 2, P Ͻ 0.001) than local CO 2 -trapped females (7.02%). Reared females dispersed a signiÞcantly shorter mean distance from the release site (mean Ϯ95% CL ϭ 82 Ϯ 25 m) than females originating from either foreign (mean Ϯ95% CL ϭ 375 Ϯ 145 m) or local (mean Ϯ95% CL ϭ 247 Ϯ 94 m) CO 2 traps, perhaps indicating that there was not an immediate egress from the study area.
Experiment 3 compared the recapture rates and mean distances dispersed for local and foreign females from CO 2 traps with females collected by CO 2 traps, blood fed, and then released when gravid (Table 1) . Although comparatively few gravid females were released, the recapture rate of this cohort (2.14%) was not statistically different (P Ͼ 0.05) from females collected in local CO 2 traps (3.45%). Most local (57%) and foreign (68%) host-seeking females were recaptured on the night after release, whereas most (67%) gravid females were recaptured on night 2, after they had oviposited and resumed host seeking. In marked contrast to experiment 2, the overall recapture rate of foreign females (8.88%) was signiÞcantly greater ( 2 ϭ 45.6%, P Ͻ 0.001) than the recapture rate of local females (3.45%). There were no signiÞcant differences in the mean distance dispersed at recapture among the three released cohorts: mean Ϯ95% CL for local ϭ 1,337 Ϯ 602 m, foreign ϭ 824 Ϯ 386 m, gravid ϭ 1,470 Ϯ 940 m. Although the number of gravid females released was small, recapture results were promising and indicated that gravid females oviposited soon after release and then dispersed as parous host-seeking females similar to those collected by CO 2 traps.
In experiment 4, there was no signiÞcant difference between the recapture rates (P Ͼ 0.05) of local (16.5%) and foreign (15.0%) females collected by CO 2 traps (Table 1; Fig. 4) , and their distributions among CO 2 traps was similar (r ϭ 0.93, df ϭ 16, P Ͻ 0.001; Fig.  5 ). However, the distributions of the recaptured local and foreign mosquitoes within the orchard and throughout the study area were not correlated (P Ͼ 0.05) with abundance of the unmarked female population (Fig. 5A) . Although differences over the entire study area might be expected because of immigration from emergence sites near the Salton Sea, differences within the orchard were unexpected. Elevated wind speeds and cool temperatures throughout experiment 4 (Fig. 6a ) appeared to preclude emigration from the orchard (Fig. 7a) , and resulted in unexpectedly elevated recapture rates (Table 1) . Most emigration appeared to occur after wind speeds declined early in the evening of day 2 after release, after which recaptures increased markedly at traps outside of the orchard.
Experiment 5 essentially repeated experiment 4 in the same habitat (Fig. 4) and under similar conditions of elevated wind speeds and cool temperature (Fig.  6b) . Although local and foreign females originated from the same traps used in experiment 4 and were released at the same point at the same time of the day, signiÞcantly more local than foreign females were recaptured during experiment 5 (Table 1) . Similar to experiment 4, the distribution of local and foreign females recaptured per trap night was correlated among trap sites (r ϭ 0.95, df ϭ 16, P Ͻ 0.001), but were not correlated with the unmarked female population (P Ͼ 0.05) (Fig. 5b) . The pattern of recapture differed temporally from experiment 4, because wind speeds did not decrease until days 3Ð 4 after release Values within columns followed by the same letter are not significantly different (P Ͼ 0.05).
( Fig. 6b) , when most emigration to traps outside the orchard was detected (Fig. 7b) .
Discussion
Our research addressed three factors that may inßuence the results of mark-release-recapture experiments: 1) mosquito age and source, 2) time of release, and 3) wind. Origin of marked females signiÞcantly affected their recapture success in each experiment, except experiment 4 when there was no difference between local and foreign cohorts. In agreement with our previous studies in Coachella Valley , reared females were recaptured less frequently than females collected host seeking at CO 2 traps, regardless of site of origin or time of release. The few reared females recaptured were taken at traps near the release point shortly after release, indicating that females were old enough to be recaptured and may not have dispersed rapidly from the study area. Because Þeld-collected Cx. tarsalis usually mate poorly within cages (Reisen et al. 1985) , most released females were presumed to be uninseminated. However, males were abundant at each release site and were released concurrently, so mating was anticipated to occur rapidly after release, as documented in our previous studies (Reisen et al. 1982) .
Low recapture rates of cohorts reared from Þeld-collected immatures were not observed in our previous release experiments at foothill (Nelson et al. 1978 , Nelson and Milby 1980 , Reisen et al. 1981 or riparian (Reisen et al. 1992) habitats in Kern County, CA. One potentially important factor not measured in the present experiment was autogeny, because the numbers of reared females available for release were minimal. Some Cx. tarsalis populations exhibit facultative autogeny during the Þrst gonotrophic cycle (Eberle and Reisen 1986, Reisen and Reeves 1990) , and high rates of autogeny within reared cohorts may have negatively impacted recapture in CO 2 traps by delaying the time of host seeking until after they oviposited their initial egg raft Ͼ4 d after emergence (Nelson and Milby 1982) . Previous studies indicated that autogeny rates in Coachella Valley varied markedly among pupal collections. High parity rates among vernal host-seeking populations, such as in experiment 1, often were indicative of elevated autogeny rates (Reisen and Reeves 1990) .
Previous environmental conditioning and orientation may have altered recapture success among experiments. Local mosquitoes collected for release from CO 2 traps positioned within the recapture grid were of mixed ages and therefore of previous orientation experience, but were recaptured signiÞcantly more frequently than foreign mosquitoes in two of three experiments; in experiment 4, there was no statistical difference between these cohorts. Results from experiment 3, in which foreign mosquitoes were collected more frequently than local mosquitoes, may have been biased somewhat by elevated recapture rates from trap 12 positioned Ϸ30 m from the release point, in which 40 local females (36% of total recaptures) and 45 foreign females (57% of recaptures) were recaptured. If these recaptures were deleted, recapture of local and foreign females decreased from 3.5 to 2.3% and from 8.8 to 3.8%, respectively, becoming more similar, but still different statistically ( 2 ϭ 5.4, P ϭ 0.02). Cx. tarsalis is a dispersive colonizing species that preferentially oviposits in newly created surface pools (Beehler and Mulla 1995) . With this life strategy, "memorizing" a home range would seem to have less of a Þtness advantage than for a mosquito species such as An. farauti that has a relatively short gonotrophic cycle and inhabits comparatively stable peridomestic environments (Charlwood et al. 1988 ), or Oc. cantans that must return to the same ground pools for oviposition (Renshaw et al. 1994) . In addition, the detection of previous orientation is more difÞcult for a multivoltine population of mixed ages such as Cx. tarsalis than for a univoltine species such as Oc. cantans. Cx. tarsalis do not exhibit oviposition site Þdelity similar to domestic Culex (McCall and Kelly 2002), because few females seem to return to newly created ponds for oviposition (Beehler and Mulla 1993) .
The time of release did not signiÞcantly affect recapture success. This was unexpected, because mosquitoes released in early morning were forced to rapidly Þnd suitable diurnal resting sites and then spend the day under hot, desiccating conditions before egressing the following evening to begin dispersal and host-seeking activities. By comparison, mosquitoes released during late afternoon spent the intervening time period within the air-conditioned laboratory, where they were humidiÞed with moist toweling. However, females released during morning would have more time for acclimatization and preparation for evening activity than females released during late afternoon that initiated ßight within 1Ð2 h after release. Both cohorts were starved during the diurnal period, so energy for ßight and dispersal should have been similar. Comparable recapture rates and dispersal distances also indicated that the length of time during the day that Cx. tarsalis were crowded within holding cages did not inßuence dispersal upon release.
Long distance dispersal by Cx. tarsalis frequently has been related to wind direction and speed (Bailey et al. 1965) . In experiments 4 and 5, wind speeds averaging Ͼ10 Ð15 mph (17Ð25 kph) inhibited egress from the orchard, resulting in elevated recapture rates compared with experiment 1, in which the wind was Ͻ3 mph at sunset and marked females readily dis- persed throughout the study area. Mosquitoes within the orchard moved to the perimeter and were recaptured in CO 2 traps, but did not egress readily to CO 2 traps outside of the orchard until after wind speeds decreased to Ͻ10 mph. Overall, recaptures per trap night generally were greatest at leeward traps, indicating that females avoided elevated wind speeds at the windward side of the orchard. Similar behavior was shown previously for Florida mosquitoes (Bidlingmayer et al. 1985 (Bidlingmayer et al. , 1995 .
Our studies indicated that recapture success was generally greatest when released females originated from CO 2 traps operated from within the planned recapture grid. The time of release did not seem critical, and therefore cohorts could be released during either morning or evening. However, we did not resolve difÞculties encountered recapturing reared females. Future releases of teneral females will include concurrent estimates of autogeny rates.
